Background:
INTRODUCTION:
Evidence from epidemiology, imaging and neuropathological studies have led to the notion that early developmental aberrations within the central nervous system may form the starting point for later development of schizophrenia (Heinz et Animal studies support this hypothesis as rodent offspring prenatally exposed to influenza virus, a viral mimic, synthetic cytokine releaser polyriboinosinicpolyribocytidilic acid, (PolyI:C), or bacterial endotoxin lipopolysaccharide (LPS) displayed behavioral alterations that parallel to those observed in schizophrenia.
For example, Shi et al found that pregnant mice infected with influenza (at early pregnancy, E9.5) gave birth to offspring with deficits in prepulse inhibition (PPI) of the acoustic startle response and deficits in exploratory behavior, novel-object recognition and social interaction (Shi et al., 2003) . Administration (poly I:C) at (E15) in rat leads to disruption in latent inhibition response in post-pubertal animals (Zuckerman and Weiner, 2005 ). Exposure to Poly (I:C) for 6 consecutive days (E12 to E17) in mice leads to greater response in methamphetamine -induced hyperlocomotion, deficits in PPI, and cognitive impairment in NORT compared with the PBS-treated controls (Ozawa et al., 2006 ) Single dose of PolyI:C in early/mid gestation (E9) in mice enhanced the sensitivity to the locomotor-stimulating effects of systemic amphetamine (AMPH) and MK-801 treatment in adulthood (Meyer et al., 2007a ) Latent inhibition defects was observed in animals born to dams treated with Poly(I:C) on gestational age(GD) 6, 9 or 13, but not in those on GD17. In contrast, impairment in unconditional stimulus pre-exposure effect was seen in all Poly (I:C) treatment groups, regardless of age of treatment (Meyer et al., 2006b ). Administration of a bacterial endotoxin, lipopolysaccaride, LPS, at GD17 and 18 induces significant increase in amphetamine-induced locomotion and facilitated acoustic startle responses in adult rats (Fortier et al., 2004) . Furthermore, PPI was significantly decreased in adult rat offspring following prenatal LPS treatment at E15-16 and E18-19 (Fortier et al., 2007) .
The mechanisms by which maternal immune activation leads to alterations in adult offspring behavior are not fully understood; however, effects on aspects of brain Therefore, the aim of the present study was to make a quantitative assessment of pyramidal neuronal morphology at defined neonatal and pre-and post-pubertal developmental periods in mPFC (layer III, as main recipient of excitatory projections, layer V that receives large dopamine input) and CA1 region (for its key role in glutaminergic transmission), following LPS (100μg/kg) challenge at embryonic days 15 and 16, a period which approximates mid to late pregnancy in human.
Our data showed that prenatal LPS exposure is able to induce significant age-dependent cytoarchitectural changes in pyramidal neurons of mPFC and hippocampus that may affect the proper connectivity and neuronal transmission in these regions leading to cognitive and behavioral impairments reported in prenatally infected offspring.
METHODS:
Animals. Timed Pregnant Sprague-Dawley rats (Charles River Laboratory, Quebec) were individually housed in temperature and humidity-controlled Plexiglass cages on a 12h light/dark cycle with ad libitum access to food and water. All procedures were performed in strict accordance with the guidelines established by the Canadian Council on Animal Care and were approved by the McGill University Animal Care Committee. The animals were injected intraperitoneally (ip) with 100 μg/kg of LPS (from E. coli serotype 0111:B4, L-2630, Sigma, Canada) once daily, for two consecutive days at E15-16.
Another set of dams with injection of a corresponding amount of sterile saline (ip) were used as controls (n=5 per group).
Measurement of body temperature. The animals were handled for 4 days before injections and for habituation with the temperature measurement procedure basal body temperature has been measured for 4 consecutive days in the morning with rat rectal probe (BAT-10 Thermometer, Physitemp instruments INC, USA). In the day of injection (E15 and E16) changes in core body temperature were monitored in both LPS and saline treated animals every 2 hour, for 8 hours after injection. The maximum rise of 1 ºC above basal temperature assumed as proper response to LPS. The hyperthermic and hypothermis animals excluded from study (Fig 1.) On the day of birth, a small quantity of unwashable ink was injected into one of the paws of the pups to mark the treatment and then they were cross-fostered with surrogate dams in mixed litters. Only male pups were retained for the study. At Postnatal 10 (P10) 5 pups per treatment (one from each dam) were anesthetized with Ketamine-Xylazine mixture (100mg/kg Ketamine, 0.8mg/kg xylazine) and transcardially perfused with 0.9% saline and their brain processed for Golgi staining.
The rest of the pups were weaned at PD21 and housed as two animals/same treatment per cage. At PD35 and PD60, 7 animals per treatment (1-2 pups per dam) were anesthetized and their brains perfused as above for Golgi staining.
Modified Golgi-Cox staining. The brains were processed for Golgi-Cox staining as described by (Gibb and Kolb, 1998) A Leica microscope (Leica DM 5000B) together with a motor stage equipped with position sensing transducers on the XYZ-axes was used to trace each neuron at low magnification (250X). Specific criteria were set for the Golgi-impreganted neurons to be included in our study. First, they should be located in proper area, either mPFC (Layer III or layer V) or CA1 region of hippocampus. Second, each neuron should be completely impregnated with Golgi material and the typical dark staining should be visible in all dendritic branches as well as spine structure. Third, the selected isolated neurons' process sould not be covered by the branches of neighboring neurons.
A Sholl analysis was performed on each of the three-dimensionally reconstructed neurons to calculate the number of intersections and dendritic length per concentric Sholl ring (10 m interval in order to gather information on the changes in dendritic tree complexity. Total length of basilar dendrites was measured for each treatment and in all the three regions. All the dendritic segments has been reconstructed and based on the data Total length of basilar dendrites was measured for each treatment and in all the three regions.
For spine density measurement, one terminal dendrite from the third order tip (minimum length 20 m of each selected neuron was used to count spines at a magnification of 5000X. The results are expressed as number of spines/10 µm. We only traced the spines that were fully attached to dendritic segments and avoided the spines whose structure was not completely visible in the microscope. For each selected dendrite, spine density and spine structure was evaluated as spine length (µm) surface area (µm²) and volume (µm³) according to Neurolucida software.
The length of a spine is computed by summing up the length of the spine from the point it is connected to the branch to the end of spine. The volume and surface are computed by modeling the spine as frusta (3D reconstruction; like a shape of right circular cone that has been truncated).
Statistical analysis. Data on mean group differences in total dendritic length, spine density and individual structural data of each spine (volume, length and surface area) were analyzed by student's t test. In addition, for dendrite arborization pattern, Sholl ring analysis data (number of intersections and dendrite length per each radius) was analyzed by two-way ANOVA with treatment and radius as factors followed by post-hoc test (Prism software). The level of significance was set at P<0.05 for all analyses.
RESULTS:
Prefrontal cortex. At postnatal day 10, 2-way ANOVA of number of intersections displayed significant main effect of treatment in dendrite arborization pattern (F (1, 192) =64.36; P<0.0001), significant main effect of radius and a significant interaction between treatment x radius (F and p values). Bonferroni Post hoc test revealed significant decrease in number of intersections on proximal dendrites of LPS-treated animals compared to saline controls at radius 20, 30 and 40 µm, P<0.0001) (Fig. 2A) . As expected, main effect of radius was always significant, so for the sake of brevity, it will not be mentioned for each region and age-point.
The effect of LPS treatment on layer III PFC neurons remained significant through development at P35 (F (1,360) Fig. 4A ). Dendrite branching pattern was also significantly lower in layer V of LPS group comparing with Saline controls (F (1,396) =22.11; P<0.0001) (Fig. 5A ) In response to LPS exposure, total dendritic length was significantly reduced in an age-dependent manner in neonatal (P=0.0172) (Fig. 2B ) and pre pubertal age in layer III of PFC (P=0.008) ( Fig.3B) In post pubertal animals, total dendritic length in LPS treated animals showed trend of decrease in layer III and V however it did not reach to significant point (Fig. 4B , 5B) Dendritic spine density in LPS group was comparable with saline controls in neonatal and pre pubertal offspring but it came out significantly lower in adult animals in layer V of PFC (P=0.00287) (Fig.5C, Fig.9) There was no significant effect of LPS in spine structure (Spine length, spine surface area or spine volume in PFC during development.
Hippocampus, CA1. Two way analysis of variance on number of dendrite intersections showed an overall significant decrease (ANOVA doesn't show significant decrease, it shows siginificant effect of a factor in analysis, e.g., treatment or radius; Post-hoc test reveals significant difference -increase or decrease!!!) in dendrite complexity in LPS treated animals with no significant interaction between LPS and radius in neonatal (F (1, 192) =9.60; P=0.002) (Fig. 6A) , pre pubertal rats (F (1, 300) =13.02; P=0.0004) (Fig. 7A) Pyramidal neurons in CA1 region showed significant reduction in the complexity of dendritic tree in response to prenatal LPS treatment (number of intersections, F (1, 336) =56. 13 (Fig. 1C, C' and Fig.8A ). Student's t test also showed prenatal LPS induces significant decrease in total dendrite length at post-pubertal ages (P=0.0164) (Fig.8B ).
There was no statistical difference in spine density between two groups at any age points. (Fig.6D, E and F) .
The results need to be streamlined as I have done in the first para of the result. It should start with the values of ANOVA -significant main effect of this or that (provide F and p values). Then you say post-hoc analysis revealed that LPS-treated groups showed significant decrease. In some cases, you only have a main effect of treatment and/or radius but no post-hoc significance. So you should write that the 2-way ANOVA showed significant main effect of treatment and radius. However pos-hoc analysis did not reveal significant effect at any particular radius suggesting that LPS treatment had a general effect on the reduction of dendritic spine branching.
DISCUSSION:
The present study demonstrates significant changes in the cytoarchitecture of pyramidal neurons of the mPFC and hippocampus in neonatal and pre and post-pubertal rats in a maternal infection model of schizophrenia. Our results showed an across the board decrease in dendritic arborization at all ages. It seems that prenatal LPS challenge permanently alter neuronal outgrowth in developing animals at least in the two brain regions studied. Interestingly, other morphological alterations in LPS treated offspring displayed dynamic rather than permanent pattern during development. For example, basilar total dendritic length was significantly decreased in the layer 3 mPFC of P10 and P35 LPS offspring, while no significant changes were observed in P60 animals. This pattern is opposite to what was seen in the hippocampal CA1 neurons where total dendritic length was significantly reduced only at post-pubertal age. Prenatal LPS treatment also changed spine density and structure in an age and region specific manner.
Our observations indicate that the mechanisms that promote dendritic branching may be more particularly affected by prenatal LPS, whereas mechanisms that regulate dendrite elongation and spine formation may be altered in a complex manner interacting with development and experience. Interestingly, in several putative animal models of schizophrenia where developmental changes in brain morphology has been studied, a common finding is that there is development and age specific changes in brain Pyramidal neurons are the main source of excitatory glutamate neurotransmission.
Impoverished pattern of dendrite growth and arborization will have consequences for the neurons' ability to build up enough and efficient connections through incoming afferents, which could include reception of fewer excitatory and inhibitory inputs from other parts of brain during critical stages of brain development. For example, in the PFC it may relate to cortico-cortical inputs and midline thalamus nuclei, which make synapses on dendrites of pyramidal neurons in layer III (Kuroda et al., 1998; Wang and Shyu, 2004) .
In CA1, decrease of dendritic arbor may affect its ability to receive afferents from CA3 region as well as glutamatergic and GABA afferents from the medial septal formation GABAergic neurons starts at midgestation age and is not complete till the end of adolescence (Di, 2007; Woo and Lu, 2006) . One can speculate that disruptions in GABAergic neuron input around this age in prenatal LPS-treated rats may partly contribute to dendrtitic changes reported.
Prenatal LPS treatment also resulted in significant decrease in spine structure (e.g. spine volume, surface area and length) in hippocampus CA1 region at P10. This is an interesting observation since P7-10 is time of maximum spinogenesis in the hippocampal formation (Fiala et al., 1998; Harris, 1999) . The fact that our LPS treated animals showed significant decrease in spine volume implies a very early aberration in spine formation and impairment in synaptogenesis in hippocampus. Decreased spine volume at P10 might mean that excitatory connections that are made at this time are probably immature and unable to drive future development of hippocampus connectivity which may explain the persistent decrease in dendrite arborization and branching during development in LPS exposed offspring. In conclusion, our results show that prenatal LPS challenge leads to morphological abnormality in pyramidal neurons that starts at very early postnatal days, with some abnormal features persisting through to postnatal days while others showing a more dynamic pattern. Taking into account that prenatal immune-challenged animals display significant deficits in schizophrenia-related behaviors, we suggest that alterations in pyramidal neuronal morphology may be an important mechanism underlying such behavioral changes. 
